The association between HLA-B27 and spondylarthropathies is currently being reinvestigated in the light of HLA-B27 subtyping. At least 11 different subtypes have been described among which B*2703, B*2706, and B*2709 could be less closely associated with disease at the population level. Differences in the presentation of antigenic peptides by these subtypes could be related to differences in disease susceptibility. We focused our work 
Introduction
HLA-B27 is a particularly interesting HLA class I molecule since it is associated with the group of inflammatory rheumatic diseases called spondylarthropathies (SA). 1 This association was initially described in 1973 (1, 2) and since that time a considerable amount of work (for reviews see references 3 and 4) has been devoted to elucidating the nature of the link in this model of HLA and disease association. One interesting point concerning HLA-B27 is the definition of at least eleven different natural variants of the molecule, B*2701 to B*2710, B*2705 being split into B*27052 and B*27053 different at a single silent nucleotide substitution (5) . These variants differ from each other by one to five amino acids (aa) in the peptide binding groove and they have also a different ethnic distribution. With regard to the association between SA and HLA-B27 subtypes, the following are certainly associated with the disease, B*2705, B*2702, B*2704, and B*2707 (3) . It is difficult to assess the disease association of the B*2701 and B*2708 subtypes since these are rarely occurring. Other subtypes could be less tightly associated with SA at the population level, especially B*2703 which is the most frequent subtype in West Africa (6) , B*2706 in the Thai population (7) and B*2709 in Sardinia (8) . This could reflect a differential binding of peptides derived from an autoantigen and/or from environmental agents since the role of bacterial infection on SA triggering has been shown in humans (9) and in the HLA-B27 transgenic rat model (10) . Additionally, other genetic factors could influence the disease predisposition in these populations. After the initial report of its lack of association with SA (6), B*2703 has been the most studied HLA-B27 subtype in comparison with B*2705, the major disease associated variant in every population. Functional studies with B*2703 specific alloreactive lines and in vitro peptide binding studies (11) (12) (13) have shown some different behavior of these subtypes. It is considered that B*2703 could bind mainly a subset of the B*2705 peptides selected upon their NH 2 terminus residue (13) . Hydrogen bonds involving the first residue of the peptide and conserved Tyr-7, Tyr-59, and Tyr-171 of the MHC molecule (14) stabilize the peptide and could be disrupted by the single substitution of Tyr by His at position 59 in B*2703. Pool sequencing can give an insight into the peptide anchor and preferred residues but an evaluation at the level of individual peptides is also needed to precisely determine the extent of differences in the peptide presentation between these closely related molecules. For this purpose we have compared acid-eluted peptides from human C1R-B*2703 and C1R-B*2705 transfected cell lines. Pool sequences showed the conservation of anchor residues at the second position and at the COOH terminus but also demonstrated differences between these two subtypes in the selection of the first residue of the peptide. At the level of individual HPLC fractions, some peptides eluted from one variant were not found in the other. Class I stabilization experiments with synthetic peptides conducted in T2-B*2705 and T2-B*2703 cell lines deficient in peptide transporters (TAP) confirmed the subtype specificity of two dominant B*2705 endogenous peptides. One major B*2705 peptide found was an eleven aa long sequence, R-11-L (RRYLENGKETL), from position 169 to 179 in the second extracellular domain of several HLA class I alleles including HLA-B27. R-11-L overlaps the peptide LR-RYLENGK predicted by Scofield et al. to bind HLA-B27 and sharing sequence similarities with proteins from enteric bacteria (15, 16) . We show here that a closely related but non-identical sequence from HLA-B27 can be naturally presented by B*2705 and not by B*2703. Thus a single aa difference at position 59 in pocket A between these two subtypes can result in clear differences in the presentation of dominant endogenous peptides with possible consequences in the selection of T-cell repertoire and in the development of autoimmunity.
Methods
Cell lines. C1R-B*2705 (B*27052), B*2702, and B*2703 were kindly provided by Dr. J.A. Lopez de Castro (17) . For peptide elution, they were cultured in roller bottles in RPMI 1640 medium/10% FCS/ 2 mM glutamine/ penicillin G at 50 U/ml and streptomycin at 50 g/ml.
Murine mastocytoma cell line P815 transfected by B*2705 and human ␤ 2 microglobulin (18) were cultured in the same conditions. Cells were pelleted and stored at Ϫ 80 Њ C. The levels of HLA-B27 expression were regularly checked by FACS ® analysis with ME1 mAb (19). 3.10 9 to 6.10 9 cells were used in each peptide fractionation experiment. Lines T2-B*2705 and T2-B*2703 deficient in TAP were obtained respectively from Dr. P. Cresswell (20) and Dr. R. Colbert (13) . They were cultured in the same complete medium supplemented with G418 at 0.5 mg/ml (Geneticin; GIBCO BRL, Eragny, France).
HLA purification. The procedure of HLA purification has been described (21) . HLA-B27 molecules were captured on cyanogen bromide-activated Sepharose 4B columns (Pharmacia, Saint-Quentin en Yvelines, France) coupled to ME1 mAb. Column elutions were done under basic conditions (50 mM diethylamine pH 11.5). The purity and quantity of HLA molecules were estimated by SDS-PAGE analysis. Columns coupled to normal mouse immunoglobulins were treated identically to the specific ME1 coupled columns, in order to provide an internal control for each purification.
Peptide elution and HPLC fractionation. Peptides were acid-eluted from purified HLA-B27 molecules (at least 250 g) by treatment with 0.1% (vol/vol) trifluoroacetic acid (TFA) at room temperature and collected by centrifugation through a 5-kD cut-off device (Amicon Inc., Beverly, MA). The extracts were further concentrated to 100 l using SpeedVac (Savant Instruments, Inc., Farmingdale, NY). Reversed-phase HPLC was performed on a C18 column (ODS C18, 4.6 ϫ 150 mm; Beckman Instruments, Gagny, France) using the Beckman system Gold instrumentation (solvant module 126 -UV detector 166). The gradient consisted of 0.05% TFA in H 2 O/0.05% TFA in acetonitrile 91:9 for 10 min followed by a linear increase to 35% acetonitrile/0.05% TFA over 60 min. Absorbance was monitored at 220 nm, the flow rate was 500 l/min. Fractions of 500 l were collected on a Gilson 203B collector. HPLC profiles of peptides eluted from purified HLA molecules and mock-treated material were compared.
Automated Edman degradation sequencing and mass spectrometry analysis. Microsequencing by NH 2 -terminal Edman degradation was performed using an Applied Biosystems, Inc. (Foster City, CA), 473-A or 494 protein sequencer. Pooled (10% of each HPLC fraction) and individual sequences were performed. Interpretation of pool sequencing data was according to the convention of Falk et al. (22) . Database searches were performed in the National Biomedical Research Foundation (NBRF-PIR) data base (release date May 1996). Some individual HPLC fractions were analyzed by matrix-assisted timeof-flight mass spectrometry (MALDI-TOF MS). Molecular weights were calculated from mass-to-charge (m/z) ratio with a ϩ / Ϫ 1D confidence.
Synthetic peptides and in vitro binding assay. Synthetic peptides were prepared by solid-phase synthesis (Neosystem, Strasbourg, France). In vitro binding assays were performed on TAP deficient T2 cells transfected with HLA-B*2705 or HLA-B*2703 according to previous protocols (23) Immunoprecipitation of HLA-B27 heavy chain by TAP specific mAb. 5.10 6 C1R-B*2705 or B*2703 cells were starved for 1 h in methionine/cysteine-free medium and then labeled with 50 µCi of [ 35 S]methionine/cysteine (Amersham, UK) for 15 min. Cells were washed once in PBS, and lysed in 0.5 ml of cold lysis buffer (1% digitonin, 10 mM Tris pH 8, 140 mM NaCl, 0.2 mM PMSF, 25 mg/ml aprotinin and 100 mM leupeptin). After 30 min on ice the nuclei were removed by centrifugation. The supernatant was precleared for 1 h with a mixture of 150 l 10% Pansorbin (Calbiochem Corp., San Diego, CA) and 2 l normal mouse serum. After centrifugation the supernatant was divided into aliquots and precipitated overnight with 10 g/ml of TAP2 specific 435.3 mAb kindly provided by Dr. P. van Endert (24), anti-B27 ME1 mAb (19) or anti HLA class1 W6/32 mAb (21) . Immunoprecipitates were recovered with 20 l 50% protein A-sepharose beads and resolved on a 10% SDS-PAGE. The gel was fixed, treated with Amplify (Amersham) for 30 min, dried and exposed to Kodak XAR film (Eastman Kodak Co., Rochester, NY).
Results

HPLC profiles of peptides eluted from HLA-B27 C1R transfectants.
Cell samples from affected patients were not available in the amount needed for peptide elution experiments. To avoid possible differences due to the effect of genes involved in the class I processing machinery, we have chosen to study HLA-B27 transfectants of the same HLA-A, B negative EBVtransformed B cell line, HMy.2C1R (25). The level of expression was compared by FACS ® analysis between these lines, C1R-B*2703 being less strongly stained by the B27 specific ME1 mAb than C1R-B*2705 (data not shown). Similar amounts of each B27 purified molecule ( ‫ف‬ 300 g estimated by SDS-PAGE) were used for acid-elution of endogenous peptides. HPLC fractionations were carried out on the same column using identical reagents and within a short time in order to allow the most accurate comparison. Two different MHC purification and elution experiments were done for each B*2703 and B*2705 molecule yielding reproducible profiles although they were not identical in terms of peak levels. The profiles of two representative HPLC fractionations from C1R-B*2705 and B*2703 are shown in Fig. 1 .
TAP association to B*2705 and B*2703 heavy chains.
There is now evidence that the physical association between MHC class I heavy chain and TAP heterodimers influences peptide loading to the MHC molecule (26, 27) . To analyze the TAP association to B27 heavy chains, we performed steady-state immunoprecipitations on C1R-B*2705 and B*2703. As shown in one representative experiment of three (Fig. 2) , the overall labeling intensity in the B*2703 cell line compared with the B*2705 cell line was weaker consistent with the weaker cell surface expression in C1R-B*2703. The intensity of the HLA class I heavy chain precipitates ( arrow ) were scanned with a densitometer. The ratio of signals obtained with the TAP2 specific 435.3 mAb to those obtained with the B27 specific ME1 mAb were calculated and did not differ significantly, arguing against a significative difference in binding to TAP between B*2705 and B*2703. In these conditions, the peptide loading efficiency of these allelic variants should be similar and should exclude TAP dependence.
Characterization of endogenous peptides eluted from B*2705 and B*2703. NH 2 -terminal Edman sequencing of pooled fractions was done for these two alleles. A same preference for a length of nine aa was found in each case, as well as the requirement for Arg as anchor at the peptide second position. At the COOH terminus, in agreement with previous results published for B*2705 (28), aromatic residues (Tyr or Phe) were found preferentially in both B*2705 and B*2703 (data not shown). NH 2 -terminal differences were carefully investigated for these two subtypes differing in pocket A. An estimation of the relative amount of the different aa at this position showed that basic residues (Arg, Lys, or His) were notably overrepresented in B*2703 (61.6%) compared with B*2705 (25%). The main Arg anchor accounted for 70% of the signal at the second position in case of B*2703 and for 45% in B*2705.
In addition to pool sequencing, HPLC profiles were compared to select dominant individual fractions for Edman and/ or MS analysis. These are indicated by arrows on the HPLC HPLC fraction number is indicated in brackets. Except for the translation initiation factor eIF-2 (RRVEKHWRL), the sequence is 100% homologous to its protein of origin. References of other reports of the same sequences are indicated.
profiles shown in Fig. 1 and individual sequences obtained are shown in Table I A peptide derived from the 169-179 sequence in the ␣ 2 domain of HLA class I which will be named R-11-L and a peptide derived from the human ribosomal protein S21 were isolated from B*2705 (fractions 37, 38, and 41). They appear to be specific for one line since they were not detected in the corresponding fractions of the other line, at least within the limits of sensitivity of our MS and Edman sequencing techniques.
Detection of R-11-L in various B27 transfectants.
The class I derived peptide R-11-L was further studied. It has been detected in MS analysis (1380 Ϯ 1 D) in two different peptide elutions from C1R-B*2705 and was absent from the reciprocal fractions of B*2703 in two different experiments. Instead, a peptide of 1284 Ϯ 1 D was present in fraction 39 of C1R-B*2703 in agreement with the sequence RRISGVDRYY. It could also be detected in the corresponding fraction 37 of C1R-B*2705 in addition to the dominant R-11-L peptide. A peptide of the same mass as R-11-L was also found in HPLC fractions 38 eluted from the murine mastocytoma cell line P815 transfected with HLA-B*2705 and from the human line C1R transfected with B*2702, another disease-associated B27 subtype. The sequence identity was confirmed by Edman sequencing of C1R-B*2702 fraction 38. This argues in favor of R-11-L as a dominant endogenous peptide repeatedly found in these subtypes, even in a cell line from another species in the case of B*2705.
Differential binding properties of endogenous peptides on T2-B*2705 and T2-B*2703. An in vitro stabilization assay of empty class I molecules expressed at the cell surface of TAP deficient T2 cell lines transfected with B*2705 or B*2703 was chosen to evaluate the binding of peptides synthesized according to sequences of endogenous peptides eluted from the two molecules. Peptides gp120, from HIV-1 gp120 314-322 (12) and NP, derived from the nucleoprotein sequence 383-391 of influenza A virus (13), were used as control peptides respectively known to bind to both alleles (gp120) or preferentially to B*2705 (NP). A peptide derived from an endogenous sequence of HLA-A29 (21) was used as negative control. Complete sequences of the peptides tested are listed in Table II . The molecules stabilized after overnight incubation of peptides at 37 Њ C were revealed with ME1 (19), a mAb recognizing peptide loaded molecules. Means of at least 3 different experiments for each peptide are shown in Fig. 3 . As expected, peptides eluted from both B*2705 and B*2703 molecules, derived from proteasome C5 subunit (protC5) and from histone H3.3 (H3.3), bound in vitro also to both alleles. Peptides issued from B*2703, eIF-2 and the ribosomal S25 derived peptide, ribS25, bound equally well to B*2703 and to B*2705. Conversely, two peptides eluted from B*2705, one derived from ribosomal L36 protein (ribL36) and the other from HLA class I (R-11-L), bound specifically to B*2705. Since R-11-L overlaps with a previously predicted sequence of a class I molecule which binds to B*2705 in vitro (16), we also tested two peptides derived from this sequence, L-9-K and the shorter peptide R-8-K. These peptides bound B*2705 specifically (Fig. 4) but less efficiently than the naturally presented peptide R-11-L. To assess the role of the size of the peptide in the specific binding of R-11-L to B*2705 in comparison with B*2703, we synthesized a peptide derived from R-11-L in which two residues were removed at positions 5 and 6 of the peptide which are outside the range of direct peptide-MHC contacts (30) . This modified nonamer bound B*2705 to the same extent as R-11-L but also bound to B*2703. However the length of the peptide is probably not the only parameter in the binding to B*2705 versus B*2703 since we also synthesized a 11-mer modified peptide from the histone H3.3 sequence extended with Gly at residues 6 and 7 which still bound efficiently to both subtypes (data not shown).
Discussion
The reasons for having focused our work on the comparison of endogenous peptides from B*2705 and B*2703 molecules are twofold. First, they are an example of very structurally close alleles, differing at a single residue at position 59 in pocket A of the peptide binding groove. The His residue at this position is unique for B*2703, being Tyr for all other class I molecules se- quenced. This could influence peptide binding without major alterations in the nature of peptide anchor residues. The marked preference for a basic residue at the NH 2 terminus and an even greater constraint for Arg at the second position without any additional requirement in the B*2703 motif compared to B*2705 is in agreement with this hypothesis. The data presented here provide a direct evidence for differences between dominant individual peptides naturally presented by these two molecules. This is clear since two sequences obtained from B*2705 were not found in the B*2703 elution experiments. Their occurrence in minor B*2703 HPLC fractions cannot be formally excluded but the binding specificity of synthetic peptides argues against this possibility. These data should be considered together with other evidence suggesting that closely related HLA-A2 subtypes present different sets of endogenous peptides (31, 32) . Differences in binding affinity of a viral peptide derived from influenza A virus to B*2705 versus B*2703 have been correlated with the nature of the NH 2 -terminal peptide residue (13) . However, the reasons why the B*2705 peptides R-11-L and ribL36 did not bind to B*2703 are probably multiple. As in the case of the NP peptide, the ribL36 peptide could have a lower affinity for B*2703 due to having the small aa Gly as its first residue. The nature of the first aa may not be the single factor responsible since in the case of R-11-L this residue is Arg which is optimal for binding to B*2703. We hypothesized that the eleven aa length of the peptide could contribute to it having lower binding affinity. The efficient binding to both molecules of a synthetic peptide from this sequence shortened in its central part argues in favor of this hypothesis. Yet the H3.3 peptide extended to eleven aa and sharing with R-11-L the same first (Arg), second (Arg), third (Tyr) and COOH-terminal residues (Leu) still bound to both alleles. Therefore, the specificity of B*2705 versus B*2703 binding is a function of multiple parameters including the first amino-terminal residue but also peptide length and/or interactions among peptide residues. This is an example of the difficulty encountered in the prediction of T-cell epitopes based solely on the peptide consensus binding motif. The second aspect of this work concerns the links between HLA-B27 and SA. One approach to the study of MHC-disease associations has been to examine the differences between the peptide binding properties of disease-related alleles or subtypes compared with non-disease-related alleles (33) . The increased accuracy in the description of MHC polymorphism associated with diseases is especially exemplified in the case of HLA-B27 and SA. The lower disease association of B*2703, B*2706, and B*2709 subtypes is based on epidemiological studies (6) (7) (8) , even if B*2703 or B*2706 patients with B27-associated diseases have been reported occasionally (34, 35) . Larger population studies will be needed before final conclusions can be drawn. In addition to B27 subtyping, the disease susceptibility could also be influenced by other genetic or environmental factors which vary in different populations. A sequence from HLA-B27 itself was predicted to bind to HLA-B27 in view of the B27 consensus binding motif (15) . This sequence actually binds to B*2705 in vitro (16) and shares similarities with sequences from enteric bacterial proteins. This article reports two observations which are directly related to this hypothesis. We showed the natural presentation by B*2705 of a class I derived sequence, R-11-L, which was overlapping but not identical to the sequence predicted by Scofield et al. (Table III). Although both conform to the B27 peptide consensus Table II . Peptide incubations were performed at 200 M and the results expressed as shown in Fig. 3. motif, it is particularly striking that the naturally presented sequence was not predicted, probably because of its unusual length of eleven aa. We also showed that the endogenous peptide is a better ligand for B*2705 than the predicted nonamer. The R-11-L peptide is probably derived from HLA-B27 itself which is the major class I molecule expressed in our transfectants. However, it could also originate from HLA-Cw4, the remaining expressed class I molecule in this class I deficient line (25). In any case, the interesting feature of this sequence is its binding specificity to B*2705.
The detection of R-11-L among major B*2705 and B*2702 endogenous peptides in comparison with B*2703 and the similarities with bacterial sequences presented in Table III are arguments for its role in disease pathogenesis. On this basis, the different presentation of endogenous peptides would differentially shape the T cell repertoire in B*2705 and B*2703 individuals. An autoimmune response could be triggered upon bacterial infection if proteins sharing sequence homologies with HLA-B27 induced a break in tolerance towards the endogenous class I self peptide. This hypothesis would also fit with some observations made in animal models of SA, such as the relationships between HLA-B27 expression level and disease occurrence in the B27 transgenic rat model (36). In B27 transgenic mice lacking ␤ 2-microglobulin which spontaneously develop an inflammatory arthritis (37) , high amounts of B27 heavy chain are degraded intracellularly and therefore could be presented by the few B27 heavy chains still expressed at the cell surface. Interestingly, these mice, as well as the B27 transgenic rats (10) do not develop arthritis when raised in a pathogen-free environment. The definition of the role of this class I derived peptide presented by HLA-B27 in disease pathogenesis requires functional studies in order to determine possible differences in T cell recognition of this peptide between patients and healthy B27 individuals. While the influence of endogenous self peptides on T cell maturation in the thymus has been shown in different models (38, 39) , little is known about the recognition of such self peptides by mature T cells in the periphery. Recently, an agonistic effect of high levels of self peptide on Fas/Fas-ligand mediated cytotoxicity has been described (40) . Moreover, in addition to the conventional HLA restricted presentation to cytotoxic T cells, peptides bound to class I molecules could also specifically influence recognition by natural killer cells as has previously been shown for HLA-B*2705 (41) . The data presented in this study evoke the possibility of testing these hypothesis in the privileged example of HLA-B27 association to SA. Answers to these questions could shed a new light on the mechanisms of HLA and disease pathogenesis.
Note added in proof . At the time this manuscript was in press, we have become aware of the independent finding of the HLA class I 169-179 peptide in B*2701, B*2704 and B*2706 peptide elution experiments (Garcia, F., A. Marina, J.P. Albar, and J.A. Lopez de Castro. 1996. HLA-B27 presents a peptide from a polymorphic region of its own molecule with homology to proteins from arthritogenic bacteria. Tissue Antigens . In press). 
